Introduction
In 1958, Hutchison and Mangum 111 reported the first direct observation of the phosphorescent state of naphthalene by EPR, thus proving its triplet nature. About 10 years later, van der Waals and co-workers 1 21 detected the phenomenon of optical spin polarization (OSP) in such systems, that is, the fact that the triplet spin sublevels were not created with initial Boltzmann distribution. This discovery marked the beginning of an era of intense studies on excited triplet states, EPR spectroscopy figuring most prominent among the methods to understand and characterize such statesP 1 Photoexcited triplet states have found practical applications in several areas, of which photosensitization 141 may be the most important. Other significant fields are photovoltaics,l 51 organic electroluminescent devices 161 and photon upconversion at low light intensities via triplet-triplet annihilationP 1 In NMR spectroscopy, the high OSP of photoexcited triplet spins may be used to achieve proton spin polarization as high as 70% or more by dynamic nuclear polarization (DNP). 1 8 · 91 Recently, the triplet state of porphyrin has been shown to be useful as a potential spin label for distance measurements in macromolecules within the nanometer range.l1°· 111 Basically, OSP is due to unequal population/and or depopulation rates of the triplet substates. Therefore, in most of the applications mentioned, it is essential to know the respective kinetic parameters. During the years, various reviews have covered the progress in triplet state EPR, the first one having been given by Thomson or direct detection as well as pulsed EPR methods with respect to their suitability for kinetic studies of excited triplet states. A short historical overview of the experimental and theoretical developments in this field of research as well as of the triplet systems studied, with a final focus on fullerenes, is given. This may help newcomers to the field as a guide to the relevant literature.
refers to stationary continuous wave (CW-EPR) approaches. Later, time-resolved EPR (TR-EPR) techniques suitable for the investigation of short-lived paramagnetic transients were developed comprising direct detection (DD-EPR) and pulsed electron spin echo (ESE-EPR) methods. 11 4- 171 Studies of excited triplet states using ESE-EPR spectroscopy have been described in refs. [18, 19] , for applications of DD-EPR d. [20] [21] [22] . Many timeresolved triplet studies have been reported in the field of photosynthesis.123-281 In his review of 2001, a personal account given on the occasion of his Zavoisky award lecture, Van der Waals highlights the historical perspectives of the EPR of excited triplet states. 131 Another technique for the study of excited triplets is optically detected magnetic resonance (ODMR),I2 9 • 3 0l which, as an optical method, is extremely sensitive, such that triplet state kinetics can be studied even for single molecules.1311 In this concise review, however, we restrict ourselves to EPR techniques based on microwave detection.
The review is organized as follows. In Section 2, we present an outline of the structure of excited triplet state EPR spectra and the relevant kinetic equations for the triplet substates, including the solution for special conditions. In the subsequent sections we characterize the three time-resolved EPR techniques, conveniently applied for resolving population and depopulation kinetics as well as spin relaxation in photoexcited triplet states. These sections describe CW-EPR (Section 3.1 ), DD-EPR (Section 3.2) and ESE-EPR (Section 4) and applications thereof. A special section of applications is devoted to Fullerenes (Section 5). Finally, Section 6 presents the summary and conclusions.
an electronic singlet state S 0 . On absorption of a photon, it is excited to a higher singlet state, because of conservation of spin for electric dipole allowed processes. For the sake of simplicity, we will restrict our consideration to the first excited singlet state S A triplet state comprises three spin sublevels, which, unless the geometry is spherical or of cubic or icosahedral symmetry, differ in energy even in zero magnetic field. This energy splitting is called zero-field splitting (ZFS) [13] and is due to magnetic dipolar interaction between the unpaired spins and/or to spinorbit coupling. Even in aromatic organic molecules, the latter may become significant through the presence of heavy atom substituents or hetero atoms introducing np* excited states. [33, 34] When dealing with the triplet state quantum theoretically, the ZFS is conveniently described by a spin HamiltonianĤ D ¼ŜDŜ, whereŜ is the spin vector operator and D the zero field splitting tensor. In a coordinate system where D is diagonal, the ZFS Hamiltonian can be written in the form [Eq. (1)]:
Here, D and E are the so-called ZFS parameters. For axial symmetry, the parameter E is zero. For cubic or higher symmetry, both ZFS parameters are zero. The ZFS is not visible in the energy scale underlying the Jablonski diagram in Figure 1 , because the energy differences involved in electronic transitions correspond to frequencies of the order of some hundred THz, whereas D, the larger of the two ZFS parameters, is typically on the order of a few GHz. The ZFS parameters define the energetic splitting and ordering of the triplet sublevels in zero field. In the eigenstates of the ZFS Hamiltonian, denoted T x , T y and T z , the spin is oriented perpendicular to the pertinent axes. Their energies, with respect to their center of gravity, are [Eq. (2) ]:
The standard convention for assigning the labels x, y and z to the molecular axes is such that T z is the level with the largest separation from the center of gravity, T x with the second largest separation, and T y is in the middle. This convention implies that 1/3 E/D 0, that is, the signs of D and E are always different, and the absolute value of E is bounded by 1/ 3 of the absolute value of D. [35] With D > 0, T z has the lowest energy, with D < 0 the highest. With E < 0, T x is higher than T y , with E > 0 it is vice versa (Figure 2) .
Applying an external magnetic field, the triplet levels are further split by the Zeeman interaction represented by the Zeeman HamiltonianĤ z ¼ m BB0 gŜ with m B Bohr's magneton,B 0 the magnetic field and g the g-tensor. The energy splitting as a function of the magnetic field are shown in Figure 2 for D > 0 and for D < 0 for all three canonical orientations, that is, with one of the molecular axes parallel to the external magnetic field. The eigenvalues of the spin Hamiltonian are given by Equations (3): [36] B 0 jjx :
For the eigenstates in case of low and intermediate values of the magnetic field B 0 , please see Ref. [36] .
When considering an isotropic distribution of triplet state orientations, for example, in powders or solid solutions, a spectral distribution of resonances results as shown in Figure 3 A. Here the canonical orientations stand out as positive steps or maxima along the field axis, if we consider a Boltzmann population of the levels. The ordering of the canonical transitions as shown in Figure 3 depends on the sign of D and follows the pertinent sequence given in the caption of Figure 2 . In turn, the ZFS parameters can be determined from the canonical spectral positions of an experimental powder spectrum. j i $ þ1 j i transitions for each canonical orientation i = x, y, z shall be denoted by 1i and 2i, respectively. Then, the six Dm ¼ AE1 transitions in the direction from low field to high field are (2z)(1x)(1y)(2y)(2x)(1z) for D > 0 and (1z)(2x)(2y)(1y)(1x)(2z) for D < 0. Figure 3 . EPR spectra of randomly oriented triplets ("powder spectra" simu lated with EasySpin, a MATLAB toolbox). [37] A) In thermal equilibrium, all sig nals are in absorption, indicated by letter "a". B) Spin polarized spectrum with some signals in absorption (a) and some in emission (e). The signal in tensities S pi (p = 1, 2 and i = x, y, z) are labeled according to the definitions (case D > 0) given in the caption of Figure 2 .
Immediately after their formation by ISC, the three triplet sublevels are usually not populated according to a Boltzmann distribution. This phenomenon is called optical spin polarization (OSP) and causes enhanced EPR absorption, but also emission, in which latter case the steps in the powder spectrum become negative and maxima turn into minima (Figure 3 B) .
Optically polarized triplets relax towards Boltzmann equilibrium by spin-lattice relaxation (SRL) while each of the triplet sublevels individually decays to the ground state S 0 either via phosphorescence or via ISC or a combination of both of these types of processes. The details are shown in Figure 4 , the individual substate population rates in zero field being denoted by s i , and their decay rates by k i (i = x, y, z).
The individual population and depopulation rates of the triplet substates are determined by the symmetry rules of spinorbit coupling (SOC) that are not necessarily selective for exact eigenstates of the triplet spin Hamiltonian, but for states to be represented as coherent superpositions of the energy eigenstates. [3, 38] However, in most cases of direct spectroscopy of excited triplet states, the coherences decay faster than detectable and it is appropriate to consider incoherent population and depopulation of the eigenstates of the effective spin Hamiltonian.
Using the transformation relations of the ZFS substates with the eigenstates in a general magnetic field, the rate constants in zero field and non-zero magnetic fields can be related to each other by the squares of the pertinent coefficients. Thus, for example, in high fields along the canonical directions the result is given by Equations (5) and (6):
The rate constants w p (p = 1, 2, 3) specify spin-lattice relaxation (SLR) among the triplet substates. For them, a simple transformation between zero-field and in-field values does not exist, since SLR depends on the energy separation between the levels. The SLR rates for up and down process between the same pair of levels are related by the Boltzmann factor e p ¼ exp
. Based on the kinetic scheme in Figure 4 , the relaxation of an optically spin polarized triplet spectrum into Boltzmann equilibrium and/or its decay due to transitions to the singlet ground state can be treated quantitatively. Denoting the individual high-field triplet sublevel populations by N i (i = 1, 0, + 1), the pertinent rate equations following from Figure 4 are [Eq. (7)]:
The initial conditions for the populations, that is, their values immediately after photoexcitation of the triplet, are determined by the population rates s i [Eq. (8) ]:
In the high-field limit, the initial populations of the upper and lower triplet sublevels are equal,
The system of differential equations cannot be solved analytically for general values of the rate parameters. In the following we consider the solutions for simple cases of slow (w p ! k i ) and fast SLR (w p @ k i ).
Slow Spin Lattice Relaxation/Fast Triplet Decay
In case of slow SLR (w p ! k i ), Equation (8) simplifies considerably, to yield Equation (9):
The three equations are completely decoupled. Each triplet sublevel decays individually by a first-order rate process.
Fast Spin Lattice Relaxation in High-Temperature Limit
If SLR is fast (w p @ k i ), the system first equilibrates into the Boltzmann distribution and then decays slowly into the singlet ground state. For the relaxation kinetics the rate equations are 
In the high-temperature limit, the Boltzmann factors approach the value of 1. We may also neglect double quantum transitions of SLR, meaning that w 3 = 0, and we may use the approximation w 1 = w 2 = w. Then Equation (10) simplifies to Equation (11) :
This can easily be solved to yield Equation (12):
Taking into account that under high field conditions N + 1 (0) = N À1 (0), it follows that C 2 = 0. Since the EPR signal intensities are proportional to population differences we conclude that these are proportional to [Eq. (13)]:
that is, they are equal in amplitude but of opposite sign, and they decay monoexponentially with a rate constant of 3w, equivalent to the inverse of the SLR time T 1 . For long times t > (15w) À1 the signals decay to zero due to the approximation of infinite temperature. For many practical applications, the approximations used so far are not adequate. Therefore, some less restrictive treatments are reviewed next.
Less Restrictive Approximations
The first quantitative treatment of triplet state kinetics was presented by Schwoerer and Sixl. [39] They solved the kinetic equations under the approximation of high-field and fast relaxation, however further taking into account the Boltzmann factors and a microwave pumping term since their measurements were carried out under (weak) continuous microwave irradiation. They also derived the conditions for the reversion of absorption or emission on switching off the optical pumping (cf. Section 3.1).
On a similar basis of approximation, Levanon and Vega simulated the growing in and decay of the CW-EPR signal upon switching on and off the optical pumping. They also treated the CW-EPR response under conditions of sinusoidal modulation of the pumping light intensity. [40] While the latter authors assumed relaxation between all triplet sublevels as equal, Winscom, [41] who treated the triplet kinetics under continuous microwave irradiation and various conditions of periodic changes of the pumping light intensity, provided perturbational solutions for the case of different relaxation rate constants for different values of j Dm j . A generalization of the Levanon-Vega treatment avoiding the high-field approximation has been provided by Hiromitsu and Kevan. [42] The kinetic equations valid in the case of CW-EPR are simplified in two respects when turning to experiments utilizing electron ESE-EPR in combination with a short ns-laser pulse for optically pumping the triplet. Since the time interval of creation of the triplets in this case is short on the EPR time scale, one does not have to treat the explicit population kinetics, but can include the population rates in the initial populations of the triplet sublevel [Eq. (8)]. Furthermore, the time evolution of the substate populations is not complicated by the absorption of microwave power. These advantages of ESE EPR have been exploited by Doetschman and Botter for determining all individual SLR constants between the sublevels of triplet diphenylmethylene, a molecule with a stable triplet ground state, in which case there was not even a necessity for optical pumping. [43] Seidel, Mehring and Stehlik [44] employed a somewhat extended version of the theory presented in Section 2.2 to analyze their experimental results from ESE-EPR experiments with the acridine triplet doped into fluorine. They did not resort to the limit w p @ k i from the beginning, but applied it at the stage of the general solution of the eigenvalues of the kinetic matrix, thus keeping a term that still depends on the k i . In the notation of the present paper, the resulting kinetics is given by Equation (14) :
where N + = N 0 + N AE 1 , the average decay rate k ¼ 1 3 2k AE1 k 0 ð Þ and the kinetic anisotropy factor a is defined as Equation (15):
The second exponential describes the slow EPR echo signal decay after the initial fast decay, determined by the SLR time T 1 % (3w) À1 has reached a quasi-stationary fraction a of the remaining population. In case the decay is isotropic a = 0. Then it would appear that decay rates cannot be determined from the EPR kinetics. But of course, there is still a tail resulting from the triplet population in Boltzmann equilibrium given by Equation (16) :
from which the rate constant of triplet decay can be determined.
Radical Spin Polarization from Polarized Triplets in Solution
Although it is beyond the scope of this short review, it may be of interest and shall be briefly mentioned that the treatment of triplet sublevel kinetics is also an essential issue in dealing with spin-polarized radicals (chemically induced dynamic electron spin polarization, CIDEP) [45] originating from the so-called triplet mechanism, [46, 47] according to which spin polarization induced by SOC effects during population and/or depopulation in excited triplet-state precursors is transferred to radicals formed by chemical reactions in the triplet state such as homolytic bond cleavage, hydrogen atom transfer or electron transfer. In those scenarios, formation, reaction and decay of the triplets usually takes place in liquid solutions and the dynamic treatment of triplet kinetics has to take into account the effect of rotational diffusion. [48] Polarization effects in liquid solution can be due not only to spin sublevel selective population of triplets but also to selective depopulation, [49] if the latter processes are fast enough, which requires systems with strong SOC. [49] [50] [51] Due to fast dephasing and spin relaxation caused by rotational diffusion, the triplet spin polarization is efficiently transferred to the subsequent radicals only if the radical formation reactions are fast. Hence, due to the short time scale of the triplet kinetics, coherence effects must be taken into account, which necessitates a quantum kinetic treatment based on the spin density matrix with an appropriate master equation. [48, 49] 
Continuous Microwave Irradiation Methods

Lock-In Detection
The first experimental evidence of OSP of triplets came from phosphorescence life time measurements by de Groot et al., [52] the first direct detection of OSP of triplets by EPR was reported by Schwoerer and Sixl [39] in an experiment using continuous illumination and CW-EPR. In order to observe OSP as a steadystate phenomenon under continuous illumination, SLR has to be slow compared to the triplet lifetime, so that the polarization is maintained during the whole life time of the triplet. Therefore, these experiments were carried out at liquid helium temperature.
In these first time-resolved EPR experiments, the change of EPR line intensities was recorded after switching on or off the light (cf. Figure 5) . In this way, the kinetics of several triplet species in various hosts, [39, 53] the effect of deuteration and the aspect of spin conservation in triplet-triplet energy transfer between host and guest molecules have been studied. Similar types of studies were performed by Clarke. [54] Improvements of the time resolution of the CW-EPR method by employing light modulation, either by chopping or through a series of flash lamp pulses, with phase sensitive signal detection opened access also to the kinetics of shorter lived triplets at liquid nitrogen temperature [55, 56] with particular interest in the triplet states of chlorophylls in glassy solution. [57, 58] With a standard modulation frequency of the magnetic field of 100 kHz, lock-in detectors allowed for time resolutions down to 20 ms. [26] Increasing the modulation frequency to 1-2 MHz it was possible to reduce the time resolution to 1 ms, however with the drawback of a reduced SNR due to the small modulation amplitudes available at such high modulation frequencies. [26] Using 200 kHz modulation and modifying the lock-in detector by replacing low-pass filtering by signal averaging, De Jager and Van Wijk managed to achieve a time resolution of less than 1 ms [59] which, in the case of broad EPR lines, showed better SNR than the high frequency modulation method.
In CW-EPR methods, separating the rate constants of triplet decay from those of SLR may be challenging, if both are of similar order of magnitude. As was first demonstrated by Wolfe, [60] switching microwave power from a high saturating level to a low monitoring level, while maintaining the sample under continuous illumination by light, the time domain response of the EPR signal is determined by SLR only.
Direct Detection
Historically, the first transient magnetic resonance experiment was the NMR transient nutation experiment described by Torrey in 1949. [61] Since the advent of Fourier transform techniques, transient nutation experiments are no longer of importance in modern NMR. In EPR, however, this technique is still of interest for the investigation of transient paramagnetic states. [20] [21] [22] In a transient nutation experiment, the magnetization is observed under the condition of continuous application of an oscillatory resonant magnetic field B 1 orthogonal to the static magnetic field B 0 . If the resonant interaction can be approximated by a two-level scheme, the Bloch vector description of motion of the magnetization is applicable. [21] After switching on the resonant field, the magnetization vector starts a precession around the B 1 direction in the rotating frame. By 908 out of phase detection a signal oscillating with the Rabi frequency w R = gm B B 1 is observed, which is damped by the spin relaxation time T 2 .
The first application of this technique in EPR is due to Wolfe. [60] In his experiments, the microwave was applied as a sequence of high power pulses superimposed on a low level basis of microwave power while keeping the sample under constant optical pumping producing the triplet states. If the SLR relaxation rates w i are much larger than the triplet decay rate, the relaxation of the signal after the saturating microwave pulses is determined by the SLR time constants w i . By this method, it could be shown for a series of host-guest systems, that the temperature dependence of the SLR rates is characteristic of a combination of Raman and direct processes. The method has been also applied by Schwoerer et al. to investigate SLR processes in different mixed crystals. [62] Soon it appeared that the use of intense laser pulses for optical pumping that are short in comparison to the triplet decay and spin kinetics, offers the possibility to perform DD-EPR without high power microwave pulses at all. This method was first applied to the CIDEP of photochemically generated radicals [17, 63, 64] and later to triplets. [21, 65] The experimental principle is schematically shown in Figure 6 . If the spin levels of the light-induced species are spin polarized, any standard CW-EPR spectrometer will be sufficient to perform DD-EPR.
In general, the Bloch equations applied to pulse generated spin-polarized species may yield oscillatory or non-oscillatory solutions. At high microwave power, one observes the underdamped oscillatory behavior described above. In that case the transient signals decay with the spin-spin relaxation time T 2 . At low microwave powers, the signals become overdamped, that is, they decay monotonically. In that case the exponential decay rate represents the SLR time T 1 .
Pulsed Microwave Techniques
With the advantages of high time resolution in the nanosecond range, high sensitivity and ready availability of pulsed spectrometers, ESE-EPR is best suited to study excited triplet states. For this purpose, the basic Hahn echo pulse sequence (cf. Figure 7) is sufficient. In CW-EPR, one has to take care not to distort the kinetic data by too high microwave power, because of disturbing additional microwave stimulated transitions. Due to this restriction, the sensitivity of the CW technique is reduced. By contrast, in ESE-EPR one can apply optimal combinations of microwave pulse length and microwave power.
The first ESE-EPR experiment on photoexcited triplet states was reported by van der Waals and co-workers [66] on quinoxaline-d 6 and naphthalene-d 8 in durene host crystals at 1.2 K. In analogy to the first CW-EPR work on triplet kinetics by Schwoerer and Sixl, [39] they showed the development of the ESE intensity upon closing the shutter of a CW excitation light. At the low temperature of the experiment, SLR can be neglected and the observed signal decay rates reflect the triplet life time.
Due to the applied shutter technique of switching the CW light, the time resolution of this experiment was comparable to that of the mentioned CW-EPR one, that is, on the order of tens of ms. For the study of short-lived triplets of pentacene in naphthalene at 1.2 K, the time resolution was significantly enhanced down to some ms by using laser flash excitation. [67] In this case, the triplet kinetics is determined by varying the time delay t DAF between laser flash and the first microwave pulse.
Representative Application: Fullerenes
As soon as the theoretical and methodological basis for the investigations of photoexcited triplet state kinetics with EPR had been established, these techniques were readily applied in several areas of science. Comprehensive reviews of EPR applications within various specific fields exist (see the Introduction), and are beyond the scope of this review. As a final representative example, however, demonstrating the potential of EPR spectroscopy to reveal important information and essential understanding of electronic structure and molecular dynamics the case of fullerenes, an important new class of compounds, shall be briefly reviewed.
After fullerenes became available on a laboratory scale in 1990, [68] all kinds of spectroscopic investigations started immediately. [69] Optical experiments revealed a very high triplet yield of both C 60 and C 70 . [70, 71] Phosphorescence of C 60 is very weak, [72] but moderate in the case of C 70 . [73] The first EPR detection of excited triplet states of C 60 and C 70 were reported by Wasielesky and co-workers. [73] Working in an organic glass at 5-9 K, the EPR spectra were recorded by CW-EPR with fast light modulation and the triplet lifetimes by DD-EPR.
In the case of C 60 , EPR measurements by Bennati et al. [74] as well as ODMR measurements by Lane et al. [75] revealed that as the temperature increases there is a second EPR signal with smaller ZFS parameters overlaying the low-temperature spectrum and gaining more and more weight at higher temperature. The activation energy to form the second triplet species was determined as 17 meV. [74] In ref. [76] it is concluded from ODMR experiments that the second triplet was "extrinsic", that is, not belonging to a pure C 60 species. Hahn echo sequence used in ESE EPR. In order to assess the triplet state kinetics, the ESE intensity V is detected as a function of time delay t DAF between the laser flash and the first microwave pulse. The delay t between the pulses is optimized for maximum electron spin echo intensity V. The time scale is on the order of ns to s.
In the ground state, the geometry of the C 60 molecule represents an ideal icosahedron (symmetry group I h ). In the excited state such a conformation is not stable due to the Jahn-Teller effect. The fact that the observed ZFS parameters are not zero is indicative of a lowering of symmetry upon photoexcitation. As shown theoretically by Wang et al., [77] in the lowest excited state the molecule is stabilized by a distortion along any of the C 5 axes thus leading to a shape of D 5d symmetry. Since there are six such axes, the excited state potential surface exhibits six distinct equivalent minima. Transitions between the corresponding conformations represent pseudo-rotations of the molecule. EPR and ODMR spectroscopy does indeed provide evidence of such processes. From a simulation of the spectral ODMR line shape, Wei et al. derived a hopping frequency between the C 60 pseudorotamers of 2 MHz at 2 K and of 10 MHz at 40 K with a linear temperature dependence in between, formally in line with a one-phonon mechanism.
The very narrow EPR line of only 0.14 G linewidth observed at room temperature was interpreted by Closs et al. [78] as due to a motional narrowing effect based on very rapid interchange of magnetic axes by pseudorotation, converting the degenerate Jahn-Teller states into each other. At lower temperatures of 203 and 253 K, they were able to observe the triplet decay and relaxation using DD-EPR. The interpretation of the narrow high-temperature line as being due to a motionally narrowed triplet spectrum was confirmed in joint work by the groups of van Willigen and Linschitz [79] who also observed electron transfer quenching of the C 60 triplet by the electron donor tri-p-tolylamine (TTA) confirming independent results obtained by flash photolysis. [80] These experiments clearly showed that the interpretation of the narrow EPR line at RT as due to a radical (either C 60 À or e À ) advocated in other work [81, 82] was not correct.
The structure of C 70 in its ground state is less symmetric than of C 60 . It adopts the shape of a prolate ellipsoid (rugby ball) with a five-fold rotational symmetry along its long axis. [83] In its excited triplet state, there is also a small Jahn-Teller distortion disturbing the axial symmetry, as evidenced by a nonvanishing, albeit small, ZFS parameter E (0.00069 cm À1 ) which is of the same size as for C 60 . [73] Closs et al. [78] were the first to investigate the temperature dependence of the C 70 EPR spectrum. Different from C 60 , an EPR spectrum is not detectable in liquid solution above 180 K. The spectrum exhibits a sharp structure below 100 K. When raising the temperature, the lines broaden and the whole spectral width decreases to end up in a single broad line of 8.8 G linewidth. Then the line, while still narrowing, gets weaker and disappears at about 180 K. Closs et al. ascribed this behavior to the relaxational effect of proper rotation of the molecule.
Terazima et al. found that the sublevel decay rates and the SLR time for C 70 showed considerable anisotropy. [84] In a more detailed, temperature dependent DD-EPR study between ca. 30 and 77 K, [85] they analyzed the spectral change in terms of a model with spectral diffusion due to pseudorotational jumps between the five axial Jahn-Teller minima. The model, which fits the spectral changes quite well, yields hopping rates between 6 10 4 s À1 and 3 10 6 s À1 in the investigated temperature range, leading to an activation energy of E A % 250 cm À1 for the jumps. The model is, however, at variance with conclusions from a later investigation by Dauw et al., [86] who studied the C 70 triplet at 1.2 K using the ESE-EPR technique at X-band and W-band. The high field experiments allowed determination of the sublevel specific population and depopulation rate, showing that 75 % of the initial population goes to T z and that the decay of that level is about three times as fast as from T x or T y . Depending on the matrix, the SLR relaxation time was found to be 10 to 20 ms. The signal decays at various spectral positions were only explicable in terms of the j Dm j = 2 process. Such an order of magnitude is in accord with the general Redfield expression for T 1 if one assumes a modulation of the ZFS parameter E by pseudorotational axial hopping at a frequency of about 1 MHz, a value identical with the T 2 time evaluated from the ESE decay.
Very recently, Uvarov et al. [87] reinvestigated the temperature dependent SLR behavior of 3 C 70 using ESE inversion recovery. Whereas the time constants of ESE inversion recovery were similar to the rate of spectral change observed by Terazima et al. [85] their interpretation as SLR time is at variance with the spectral diffusion model. The SLR rates observed by Uvarov et al. obeyed an Arrhenius behavior with an activation energy of ca. 170 cm
À1
. Therefore, the SLR mechanism was assigned to be of the Orbach-Aminov type, involving transition to a close-by higher electronic state with an energy separation equal to the activation energy. The fact that the same SLR times were obtained for X-band and Q-band is another strong argument for the Orbach-Aminov mechanism.
Conclusions
In this minireview, a short historical overview of the experimental and theoretical developments of EPR spectroscopy applied to kinetic studies of excited triplet states as well as of the triplet systems studied, with a final focus on fullerenes, has been given which may help newcomers to the field as a guide to the relevant literature.
In practical applications of photoexcited triplets such as DNP, triplet doublet double electron-electron resonance (DEER) or laser-induced magnetic dipole spectroscopy (LaserIMD), knowledge of triplet state kinetics is essential for choosing the right triplet system for a given experiment. For example, in DNP, triplet spin polarization has to persist long enough to achieve high polarization transfer. On the other hand, the triplet system should return to the singlet ground state within the experimental repetition time, so that enough chromophores are available for excitation during the next cycle. There are rich data on triplet quantum yields, life times, ZFS parameters, and optical spectra in the literature (cf. [88] ), however no comprehensive overview of EPR relevant data on triplet kinetics exists. Therefore, Table 1 summarizes those triplet systems and their conditions of investigation, for which kinetic parameters are to be found in the literature mentioned in this review. 
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